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Ranking Levels of Theory

Throughtout the dataset construction process of MPcules, calculations (and properties based

on them) are ranked based on the level of theory used. Each component of the level of theory

(density functional, basis set, and solvent method) is assigned a score (Tables S1 – S3). When

ranking levels of theory, the three scores are added together, and different calculations or

properties are ranked based on the negative of this sum, such that the lowest score is the

most favored. In case of a tie in the level of theory, the electronic energy of a calculation

is used to determine the “best” calculation; the calculation with the lowest tiebreaker score

(energy) is selected.

We emphasize that these scores are entirely arbitrary, though they are guided by some

basic principles. In the case of density functionals, we used benchmark studies to guide our

scoring. Functionals that generally perform better than others, particularly for tasks related

to thermochemistry, are favored over those that perform less well. Larger basis sets are

generally favored over smaller ones, at least within a given family, and more complex solvent

models accounting for e.g. non-electrostatic effects are favored over simpler models.

Functional Score

ωB97X-D1 5

ωB97X-V2 6

ωB97M-V3 7

Table S1: Scores for different density functionals included in MPcules.
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Basis Set Score

def2-SVPD4 2

def2-TZVPPD4 6

def2-QZVPPD4 7

Table S2: Scores for different basis sets included in MPcules.

Solvent Method Score

Vacuum 1

PCM5 3

SMD6 5

Table S3: Scores for different solvent methods included in MPcules.

MPcules composition by level of theory

Density Functional Basis Set Solvent Model Number of Molecules

ωB97X-D def2-SVPD Vacuum 77

ωB97X-D def2-SVPD PCM 95

ωB97X-D def2-SVPD SMD 103

ωB97X-V def2-TZVPPD SMD 43,041

ωB97M-V def2-SVPD Vacuum 102,555

ωB97M-V def2-SVPD PCM 2,963

ωB97M-V def2-SVPD SMD 33,823

ωB97M-V def2-QZVPPD SMD 30,871

Table S4: Number of (collected) molecules in MPcules for which calculations have been
performed at various levels of theory. Note that the sum of these numbers does not equal
the number of molecules in MPcules, as many molecules have been the subject of calculations
at several levels of theory.
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Comparison of Atomic Partial Charges and Spin

MPcules contains partial atomic charges and partial atomic spins calculated using four meth-

ods: Mulliken population analysis, the restrained electrostatic potential (RESP), Bader

charges, and natural atomic chages and spins from NBO. Here, we compare the Mulliken

and NBO methods, specifically focusing on the oxidation states of metals (Li and Mg). To

ensure a fair comparison, we only included the charges and spins of Li and Mg atoms for

which both Mulliken and NBO populations were available, and we are only comparing data

points from the same solvent environment. In the case of Li (Figures S1 – S2), all calculations

were performed with the SMD implicit solvent model using the parameters for a mixture of

ethylene carbonate (EC) and ethyl methyl carbonate (EMC). For Mg, we compare values

for two SMD solvents - diglyme (G2; Figures S3 – S4) and tetrahydrofuran (THF; Figures

S5 – S6).

4



a) b)

c) d)

Figure S1: Histogram of Li atomic partial charges (a-b) and spins (c-d) in MPcules as cal-
culated using the NBO (a, c) and Mulliken (b, d) methods. All calculations were performed
in implicit solvent using SMD with parameters relevant for a mixture of EC and EMC.
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a) b)

R2 = 0.81
Cov = 0.036

R2 = 0.85
Cov = 0.053

Figure S2: Comparison of Li partial atomic charges (a) and spins (b) in MPcules calculated
using the NBO and Mulliken methods. All calculations were performed in implicit solvent
using SMD with parameters relevant for a mixture of EC and EMC. Coefficients of determi-
nation (R2) and covariances between the NBO and Mulliken values are provided.

In general, we find that NBO produces narrower distributions of partial atomic charges

than the Mulliken method, and these distributions are centered around integral oxidation

states (e.g. 0, +1 for Li and 0, +1, and +2 for Mg). For Mg in particular, the Mulliken

method is often in qualitative disagreement regarding the metal oxidation state. In both G2

(Figure S3) and THF (Figure S5), most of the distribution of NBO partial atomic charges

are just below 2 (indicating unreduced Mg2+, while the Mulliken distribution is centered just

above a charge of 1 (indicating radical Mg1+).
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a) b)

c) d)

Figure S3: Histogram of Mg atomic partial charges (a-b) and spins (c-d) in MPcules as cal-
culated using the NBO (a, c) and Mulliken (b, d) methods. All calculations were performed
in implicit solvent using SMD with parameters relevant for G2.
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a) b)

R2 = 0.67
Cov = 0.095

R2 = 0.92
Cov = 0.073

Figure S4: Comparison of Mg partial atomic charges (a) and spins (b) in MPcules calculated
using the NBO and Mulliken methods. All calculations were performed in implicit solvent
using SMD with parameters relevant for G2. Coefficients of determination (R2) and covari-
ances between the NBO and Mulliken values are provided.

In contrast to partial atomic charges, where Mulliken predictions appear to be poorly

behaved compared to NBO, Mulliken partial atomic spins are in qualitative agreement with

NBO. Though the distributions of Mulliken spins are still generally broader than those of

NBO, both Mulliken and NBO tend to predict partial spins on Li and Mg that are close to

either 0 or 1 (though there also appears to be a nontrivial number of Li atoms with partial

atomic spin around 0.5). For both metals and all solvents tested, NBO and Mulliken partial

atomic spins are better correlated in terms of R2 than the corresponding partial atomic

charges, further supporting the notion that Mulliken and NBO partial atomic spins are in

better agreement than Mulliken and NBO partial atomic charges. From this, we tentatively

suggest that partial atomic spins may be easier to capture accurately than partial atomic

charges for metal atoms.
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a) b)

c) d)

Figure S5: Histogram of Mg atomic partial charges (a-b) and spins (c-d) in MPcules as cal-
culated using the NBO (a, c) and Mulliken (b, d) methods. All calculations were performed
in implicit solvent using SMD with parameters relevant for THF.
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a) b)

R2 = 0.77
Cov = 0.216

R2 = 0.94
Cov = 0.083

Figure S6: Comparison of Mg partial atomic charges (a) and spins (b) in MPcules calculated
using the NBO and Mulliken methods. All calculations were performed in implicit solvent
using SMD with parameters relevant for THF. Coefficients of determination (R2) and co-
variances between the NBO and Mulliken values are provided.
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